Spontaneous parametric downconversion (SPDC) can be enhanced in double-channel side-coupled microring resonator structures, generating entangled photons spatially separated in different channels. The enhancement is even more drastic in single-channel side-coupled microring resonator structures, although the generated entangled photons are not spatially separated, and it might be most interesting to use a ring tuned for nondegenerate SPDC. © 2007 Optical Society of America OCIS codes: 190.4410, 270.5585. One of the most intriguing features of quantum mechanics is entanglement [1] . The quantum state of an entangled pair of particles cannot be described by any direct product of the state of each particle, and neither particle can be thought of having a state of its own. Quantum entanglement plays a central role in quantum information processing, and various schemes for generating entangled particles have been proposed and studied. Among these is spontaneous parametric downconversion (SPDC) [2] , in which a strong second-harmonic (SH) light pulse generates fundamental wave (FW) photons. However, nonlinear interactions between light fields and materials are usually weak, and one needs high light intensities and long interaction times to obtain efficient conversion. Resonance effects in artificially structured materials are promising candidates for this purpose [3, 4] . In this Letter, we propose using a double-channel side-coupled microring resonator structure, schematically shown in Fig. 1(a) , to generate spatially separated entangled photons via enhanced SPDC. An alternative option would be the single-channel ring structure [ Fig. 1(b) ], which we will briefly discuss and compare with the double-channel structure at the end of this Letter. The rings are made of AlGaAs grown in the [100] direction, and the second-order nonlinearity is characterized by the relation between the second-order polarization P and the electric field E, P i = ⑀ 0 ͑2͒ ⌺ j,k=1,2,3 ␦ ijk E j E k , where ␦ ijk = 1 for i j k and ␦ ijk = 0 otherwise. We consider a TE-polarized (in the radial direction of the ring in the x − z plane) FW field at frequency F and a TM polarized (perpendicular to the x -z plane) SH field at frequency S =2 F . The structure is designed to be on resonance with both fields, i.e., k F R = m F , k S R = m S , where m F and m S are integers, R is the radius of the ring, and k F,S = F/S n TE,TM ͑ F,S ͒ / c, with n TE,TM being the effective refractive index of the TE, TM mode. Quasiphase-matching, k S −2k F = ±2/R, is achieved as elaborated earlier [3] , utilizing the dependence of the local polarization of the TE mode. The two onresonance conditions and the quasi-phasing matching condition can be simultaneously satisfied in a device etched out of a planar structure with three Al x Ga 1−x As layers (x = 70%, 0%, and 70%) [3] . The parameters and operating frequencies for one particular proposed device [3] are F =2 ϫ 163.195 THz, R = 10.299 m, n TE ͑ F ͒ = 2.8388, and n TM ͑ S ͒ = 2.8672, group velocities v F,R = 78.0 m / ps, and v S,R = 55.0 m / ps (the subscript R stands for "ring").
One of the most intriguing features of quantum mechanics is entanglement [1] . The quantum state of an entangled pair of particles cannot be described by any direct product of the state of each particle, and neither particle can be thought of having a state of its own. Quantum entanglement plays a central role in quantum information processing, and various schemes for generating entangled particles have been proposed and studied. Among these is spontaneous parametric downconversion (SPDC) [2] , in which a strong second-harmonic (SH) light pulse generates fundamental wave (FW) photons. However, nonlinear interactions between light fields and materials are usually weak, and one needs high light intensities and long interaction times to obtain efficient conversion. Resonance effects in artificially structured materials are promising candidates for this purpose [3, 4] .
In this Letter, we propose using a double-channel side-coupled microring resonator structure, schematically shown in Fig. 1(a) , to generate spatially separated entangled photons via enhanced SPDC. An alternative option would be the single-channel ring structure [ Fig. 1(b) ], which we will briefly discuss and compare with the double-channel structure at the end of this Letter. The rings are made of AlGaAs grown in the [100] direction, and the second-order nonlinearity is characterized by the relation between the second-order polarization P and the electric field E, P i = ⑀ 0 ͑2͒ ⌺ j,k=1,2,3 ␦ ijk E j E k , where ␦ ijk = 1 for i j k and ␦ ijk = 0 otherwise. We consider a TE-polarized (in the radial direction of the ring in the x − z plane) FW field at frequency F and a TM polarized (perpendicular to the x -z plane) SH field at frequency S =2 F . The structure is designed to be on resonance with both fields, i.e., k F R = m F , k S R = m S , where m F and m S are integers, R is the radius of the ring, and k F,S = F/S n TE,TM ͑ F,S ͒ / c, with n TE,TM being the effective refractive index of the TE, TM mode. Quasiphase-matching, k S −2k F = ±2/R, is achieved as elaborated earlier [3] , utilizing the dependence of the local polarization of the TE mode. The two onresonance conditions and the quasi-phasing matching condition can be simultaneously satisfied in a device etched out of a planar structure with three Al x Ga 1−x As layers (x = 70%, 0%, and 70%) [3] . The parameters and operating frequencies for one particular proposed device [3] SPDC is intrinsically a quantum process and requires a quantum mechanical treatment. It is convenient to start with a discrete-continuum coupling model, with the Hamiltonian [5] 
, and all the other commutators are zero. The second-order nonlinear coefficient is given by
Here P =4⑀ 0 n 6 v F 2 v S / ͑ 2 2 F S ͒ has units of power, with n being a reference index introduced solely for convenience; a phase has been introduced to make ͱ A real, where A characterizes the effective area over which the modes interact and has been introduced earlier [3] . By comparing the linear results of the quantum theory [setting ⍀ nl to be zero in Eq. (1)] with those of the classical coupled mode transfer matrix formalism [7] , the coupling constant ␥ J, can be related to the self-coupling coefficient J, as
In the interaction picture, we split Hamiltonian (1) 
⌽ ͑z͒ is localized around z = 0. The asymptotic out state, ͉ out ͘ϵ͉͑t f → ϱ ͒͘ I , can be shown to be given by 
where ⌰͑z͒ is the step function. We have adopted the convention that v J,L Ͼ 0 and v J,U Ͻ 0. Setting
the equations for the ring modes can be written as
where 
where we have defined ⌽͑k͒ =1/ ͱ 2 ͐ dz⌽ ͑z͒e −ikz . When the intensity of the SH pump pulse is sufficiently low, the probability N F of detecting one entangled pair in the FW modes, with one photon in the lower channel and the other in the upper channel, is found by integrating
2 over k 1 and k 2 . Assuming that ⌽͑k͒ is a Gaussian function centered at k = 0 and J,up = J,low ϵ J , and using the relations between J and ␥ J given above, one can obtain the conversion efficiency
where N SH is the total number of pump photons,
͑6͒
Here, ␣ J 2 /4=1/͓2͑1− J ͔͒ gives the power enhancement inside the ring for mode J; T in being the full width at half-maximum of the input SH pulse in the time domain, and T J = ͑2R / v J,R ͒ ϫ͑␣ J 2 /4͒ being the on-resonance output (in the upper channel) group delay for mode J. It can be shown that ␤ =1 as F , S → ϱ; so C ϱ is the conversion efficiency in the continuous wave limit, and ␤ quantifies the degradation of the conversion efficiency due to phase mismatch when the spectrum of the pump pulse becomes broader. For simplicity, in the rest of this Letter, we assume that ⍀ F = ⍀ S ( J is the crosscoupling coefficient, related to J by J 2 + J 2 =1) [7] , and thus T F = T S ϵ T o . Taking [8] ͑2͒ = 100 pm/ V and the parameter values specified in the second paragraph, as well as F = 0.992, S = 0.989, A = 0.71 m 2 , and P = 0.87 MW [3] we have C ϱ =10 −7 . Figure 2 (a) shows C / C ϱ as a function of T in / T o as the solid curve.
We now look at the entanglement between the two FW photons coming out in different channels, which may be quantified by the entanglement of formation (EOF) [9] or the Schmidt number (SN) [10] . The wave function of the photon pair is proportional to S U,L ͑k 1 , k 2 ͒. The EOF and the SN are, respectively, defined as E =−͚ i i;0 log 2 ͑ i;0 ͒ and S =1/͚ i i;0 2 , where i;0 = i / ͚ j j and j are the eigenvalues of ͑k 1 ,
the EOF and the SN are functions of T in / T J , i.e., E = E͑ F , S ͒ and S = G͑ F , S ͒, which are numerically shown in Fig. 2(b) as the solid and the dashed curves, respectively. As expected, the entanglement decreases when the spectrum of the pump pulse becomes broader.
One of the characteristics of the entangled photons generated via SPDC in double-channel ring structures is that the entangled photons could appear in separated channels. A single-channel ring structure as illustrated in Fig. 1(b) cannot spatially separate the entangled photons; thus it may be useful to separate them in the frequency domain. In nondegenerate SPDC, one photon at SH frequency S is converted into two photons at slightly different FW frequencies F − ⌬ and F + ⌬. If the ring is on resonance with all the fields and the quasi-phase-matching condition is satisfied, then the conversion efficiency, the EOF, and the SN are, respectively, given by CЈ = C ϱ Ј ␤͑ F Ј , S Ј ͒, EЈ = E͑ F Ј , S Ј ͒, and SЈ = G͑ F Ј , S Ј ͒. Here the functions ␤, E, and G are the same as those defined in the doublechannel case; if the parameters are equal to their counterparts in the double-channel ring structure, then we have C ϱ Ј =32C ϱ and J Ј = T in / ͑ ͱ 2 ln 2T J Ј͒. It should be noted that T J Ј = ͑2R / v J,R ͒␣ J
